Cylindrol A 5 , a new ascochlorin congener, was isolated along with 14 known compounds from the culture broth of Cylindrocarpon sp. FKI-4602 by solvent extraction, octadecylsilane column chromatography and HPLC. The structure of cylindrol A 5 was elucidated by spectral analyses, including NMR. The compound has an ascochlorin skeleton consisting of a resorcin aldehyde and a cyclohexanone moieties. Cylindrol A 5 showed moderate antimicrobial activity against Bacillus subtilis, Kocuria rhizophila, Mycobacterium smegmatis and Acholeplasma laidlawii. The biosynthetic pathway to cylindrol A 5 was deduced from the 14 isolated metabolites of the fungal strain.
INTRODUCTION
Filamentous fungi have the potential to produce a variety of bioactive compounds and are recognized as a rich source for new drug discovery. 1, 2 Recent advances in genomic analysis have revealed that filamentous fungi such as Aspergillus niger possess about 80 biosynthetic gene clusters for secondary metabolites produced via pathways of polyketide synthase or non-ribosomal peptide synthase. 3 In the previous study, we reported an efficient method for isolating antifungal antibiotics producing fungi from soil samples, and obtained 26 candidate fungi from 18 soil samples. 4 Among them, strain FKI-4602 was considered to belong to the genus Cylindrocarpon. The number of secondary metabolites of Cylindrocarpon was 39 from Chapman & Hall Chemical Database, 5 which was much fewer than those of Aspergillus sp. (274). These findings prompted us to carry out comprehensive analysis of the secondary metabolites of Cylindrocarpon sp. FKI-4602. This fungus was found to produce about 20 compounds by HPLC analysis. Among them, 15 compounds were purified from the culture broth of the fungi; 14 known compounds including ascochlorin, 6 ilicicolin E 6 and ilicicolin F 6 with antifungal activity, and a new ascochlorin congener named cylindrol A 5 ( Figure 1 ).
In this study, the taxonomy of fungal strain FKI-4602, structure elucidation and biological activity of cylindrol A 5 are described. Furthermore, the biosynthetic pathway of cylindrol A 5 is deduced from the structures of 14 compounds produced by the fungus.
RESULTS

Taxonomic study of strain FKI-4602
Colonies on potato dextrose agar (PDA) after 7 days at 25 1C ( Figure 2a) were 26-28 mm in diameter, floccose, planar with white (a) aerial mycelia, and exuding sparse clear drops. The reverse side was pale brown (4 gc) with an entire margin, without soluble pigment. Colonies on Miura's medium (LcA) after 7 days at 25 1C (Figure 2b ), were 34-35 mm in diameter, planar with white (a) floccose aerial mycelia and exuding sparse clear drops. The reverse side was white (a) with an entire margin, without soluble pigment. Colonies on potato carrot agar (PCA) after 7 days at 25 1C (Figure 2c ) were 37-38 mm in diameter, planar with white (a) floccose aerial mycelia and exuding sparse clear drops. The reverse side was white (a) with an entire margin, without soluble pigment. Colonies on PDA at 5 and 371C showed no growth. Macroconidia were cylindrical, straight or slightly curved with bluntly rounded ends and 3-5 septate, and 32.5-52.5 Â 2.5-5.5 mm in size ( Figure 3) .
The total length of the rDNA internal transcribed spacer (ITS; including 5.8S rDNA) of FKI-4602 was 588 base pairs in a BLAST search using BLASTN 2.2.26 from the National Center for Biotechnology Information (NCBI). 7 FKI-4602 had 94.4% similarity (28 nucleotides are different) with the nucleotide sequences of Cylindrocarpon olidum var. crassum CBS 216.67 (GenBank accession number AY677294).
From these results of morphological characteristics 8 and BLAST search, strain FKI-4602 was considered to belong to the genus Cylindrocarpon.
Isolation
The isolation procedure is shown in Figure 4 . Six-day-old culture broth (5.0 l) of Cylindrocarpon sp. FKI-4602 was centrifuged. The supernatant (2.2 l) was adjusted to pH 3 with HCl and extracted with ethyl acetate (4.4 l). The organic layer was dried with Na 2 SO 4 and concentrated in vacuo to dryness to yield an oily material (1.7 g). Part of the material (600 mg) was subjected to centrifugal partition chromatography (System Instruments, Tokyo, Japan) under the following conditions: a two-phase solvent system, upper and lower layers of chloroform-methanol-water (2:2:1) as stationary and mobile phases, respectively; flow rate, 3 ml min À1 ; rotation speed, 700 r.p.m. The upper layer of the solvent was introduced by the ascending method (480 ml). Three fractions A to C were then collected and concentrated under reduced pressure. Fraction A (7.3 mg) was purified by HPLC; HPLC conditions were as follws: octadecylsilane (ODS) column (20 Â 250 mm; Pegasil, Senshu Scientific, Tokyo, Japan), isocratic 20% CH 3 CN, flow rate 8 ml min À1 and detected at 210 nm. Under these conditions, orcinol (2) Figure 4 . Under these conditions, 13 compounds were eluted: cylindrol B (4) (13) 13 (53.8 mg, Rt 45.6 min), LL-Z 1272a (14) 14 (2.6 mg, Rt 50.4 min) and oleic acid (15) 13 (37.3 mg, Rt 52.8 min). Cylindrol A 5 (1) was eluted as a peak with a retention time of 36.8 min ( Figure 5 ). The fraction of the peak was pooled and concentrated to yield pure 1 (4.6 mg) as a pale brown powder.
Structure elucidation of cylindrol A 5
Physico-chemical properties of cylindrol A 5 (1) are summarized in Table 1 . Compound 1 showed absorption maxima at 228, 293 and 344 nm in the UV spectrum. Compound 1 showed characteristic absorption at 3433, 1727 and 1705 cm À1 in the IR spectrum, suggesting the presence of a hydroxy, an ester and an aldehyde groups.
The molecular formula of 1 was determined to be C 27 H 37 ClO 6 on the basis of HR-ESI-MS measurement ( Table 1 ). The 13 C-NMR spectrum (in CDCl 3 ) showed 27 resolved signals (Table 2) . They were classified into 6 methyl carbons, 6 methylene carbons, 5 methine carbons, including two sp 2 methine carbons, and 10 quaternary carbons, including 9 sp 2 quaternary carbons by analysis of the DEPT spectra. The 1 H and 13 C NMR along with the HSQC spectrum revealed the assignments of these signals as shown in Table 2 . Analysis of the 1 H-1 H COSY spectrum and 13 C-1 H long-range couplings of 2 J and 3 J observed in the HMBC spectrum gave the four partial structures A to D, as shown in Figure 6 Figure 7 . In addition, the cross peaks from 9-H 2 to C-3 and C-4, and from 10-H to C-3 indicated that the partial structures B and C were linked, as shown in Figure 7 . The chloride atom at C-5 was elucidated from the chemical shift and MS spectrum. The structure satisfied the molecular formula and the degrees of unsaturation. Taken together, the planar structure of 1 was elucidated as shown in Figure 7 .
The relative stereochemistry at C-12, C-14, C-15 and C-19 was investigated by a ROESY experiment. NOE correlations were observed between 12-H and 13-H, 12-H and 19-H, 13-H and 15-H, 13 
DISCUSSION
Fungal strain FKI-4602, identified as the genus Cylindrocarpon in this study, was recently isolated by our method for directly isolating antibiotic-producing fungi from soil samples. 4 In this method, antagonistic effects were directly observed on agar plates between fungal colonies from soil samples and C. albicans overlaid by spraying. Cylindrocarpon species were reported to be isolated from the bark of woody plants or decaying herbaceous materials in tropical or temperate regions. 16 The genus of Cylindrocarpon consists of about 70 species, 17 and the number of secondary metabolites from this genus is only 39, 5 including cylindrol B, 11 cyclosporine 18 and radicicol. 19 In this study, comprehensive analysis of the metabolites produced by Cylindrocarpon sp. A new ascochlorin derivative from Cylindrocarpon sp. M Kawaguchi et al activity, ilicicolin F (6), ilicicolin E (7) and ascochlorin (8) showed anti-C. albicans activity with inhibitory zones of 23, 11 and 15 mm at a concentration of 10 mg per 6 mm paper disk, respectively. Thus, we confirmed that fungus FKI-4602 produced anti-C. albicans antibiotics 6-8. As 1, cylindrol B (4) and cylindrol A 4 (11) showed no antifungal activity, the double bond between C-12 and C-13, and a chloride atom might be necessary to show antifungal activity. From the 15 metabolites produced by Cylindrocarpon sp. FKI-4602, possible biosynthetic correlations among them are summarized in Figure 9 . A fatty acid, oleic acid (15) , is biosynthesized from the acetate-malonate (fatty acid or polyketide) pathway, then sequentially converted to linoleic acid (13) and linolenic acid (10; Group 1). Similarly, orcellinic acid (3) is biosynthesized from this pathway and decarboxylated to yield orcinol (2; Group 2). Hunter and Mellows 20 reported that 8 was biosynthesized through the mevalonate and polyketide pathways. The farnesyl residue from the mevalonate pathway is cyclized and conjugated with the orsellinic aldehyde from the polyketide to produce 8. In this study, the key intermediates 8, LL-Z 1272 b (12) and LL-Z 1272 a (14) were identified (Groups 3 and 4). Finally, 1 and 11 are produced by hydration and acylation from 8 (Group 5).
Ten ascochlorin congeners had been already reported to be isolated from Cylindrocarpon species. 11, 21 In this study, five more ascochlorin congeners, including the new cylindrol A 5 , were identified as metabolites of Cylindrocarpon sp. FKI-4602. These findings suggest that the genus Cylindrocarpon has the ascochlorin biosynthetic pathway in common.
MATERIALS AND METHODS
General experimental procedure
Optical rotation was recorded with a DIP-370 digital polarimeter (Jasco, Tokyo, Japan). ESIMS spectrometry was conducted using a JMS-T100LP spectrometer (JEOL, Tokyo, Japan). UV and IR spectra were measured with a 23 was used to determine color names and hue numbers. For the determination of micromorphological characteristics, the samples were observed under a Vanox-S AH-2 microscope (Olympus, Tokyo, Japan). Genomic DNA of fungal strain FKI-4602 was isolated using the PrepMan Ultra Sample Preparation Reagent (Applied Biosystems, Foster City, CA, USA) following the manufacturer's instructions. The rDNA ITS, including 5.8S rDNA, was amplified using primers ITS1 and ITS4 24 in a PCR thermal cycler Dice mini Model TP100 (TaKaRa, Shiga, Japan), and the PCR products were purified using a QIAquick, PCR DNA Purification kit (Qiagen, Valencia, CA, USA). The PCR products were sequenced directly in both directions using primers ITS1, ITS2, ITS3 and ITS4, using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). Sequencing products were purified by ethanol/EDTA precipitation, and samples were analyzed on an ABI PRISM 3130 Genetic Analyzer (Applied Biosystems). Contigs were assembled using the forward and reverse sequences with the SeqMan and SeqBuilder programs from the Lasergene7 package (DNASTAR, Madison, WI, USA). The ITS sequence of the strain was deposited in the DDBJ with accession number AB725901 for FKI-4602.
Fermentation
The strain was grown on an LcA slant (7.5 ml, in a glass screw-cap tube, 16 Â 150 Â 9 mm) at 25 1C for 14 days. The seed medium (glucose 2.0%, yeast extract 0.2%, MgSO 4 Á 7H 2 O 0.05%, polypeptone (Nihon Pharmaceutical, Tokyo, Japan) 0.5%, KH 2 PO 4 0.1% and agar 0.1%, adjusted to pH 6.0 before sterilization) was used for inoculation. The flask was shaken on a rotary shaker at 27 1C for 3 days. The seed culture (100 ml) was transferred into fifty 500-ml Erlenmeyer flasks containing 100 ml production medium (glucose 4 . These data were identical to those reported previously. 11 LL-Z 1272e (5) A new ascochlorin derivative from Cylindrocarpon sp. M Kawaguchi et al
